Introduction
============

Drug-eluting stents---advances and setbacks
-------------------------------------------

Milestones such as the development of drug-eluting stents (DES) and the refinement of antithrombotic therapy, as well as growing experience of interventional cardiologists have paved the way for the broad application of percutaneous coronary intervention (PCI) in treating coronary artery disease. While the introduction of antiproliferative agents with first-generation DES had led to a major decline in in-stent restenosis (ISR) due to suppression of neointimal overgrowth, a subsequent increase of late thrombotic complications as compared to bare metal stents (BMS) was observed.[@suaa006-B1]^,^[@suaa006-B2] This observation prompted research regarding its underlying pathophysiology.

Early human autopsy studies investigating first-generation DES, identified delayed arterial healing as an important limitation to these devices, revealing incomplete endothelialization and persistent fibrin deposition after implantation of first---and, to a somewhat lesser extent, second-generation DES. Furthermore, poor endothelialization, alongside other procedural and histological factors, seemed to correlate with an increased risk for the occurrence of late stent thrombosis (LST).[@suaa006-B3]^,^[@suaa006-B4] Subsequent in-depth histopathological analyses in animal models confirmed these observations. Bare metal stents showed better endothelial coverage than second---and especially first-generation DES. Areas around uncovered stent struts showed aggregation of platelets, fibrin, and inflammatory cells. Besides insufficient endothelial coverage, immunostaining, and organoid culture additionally indicated impaired endothelial integrity and decreased maturation following DES implantation irrespective of the examined stent generation.[@suaa006-B5]

The first *in vivo* studies regarding this issue assessed arterial healing after stent implantation by coronary angioscopy. These studies likewise confirmed poor neointimal coverage after DES implantation. Furthermore, angioscopically assessed neointima 10 months after implantation of first-generation sirolimus-eluting stents showed accelerated as well as *de novo* yellow plaque formation within the nascent neointima, even in areas with visually complete endothelialization. Both the formation of yellow plaque and poor neointimal coverage independently translated into an increased risk of stent thrombosis.[@suaa006-B6] It can thus be concluded that exposure of uncovered stent struts due to insufficient and dysfunctional endothelial coverage seems to accelerate new atherosclerotic changes within the neointima. In addition to the thrombogenic stimulus by uncovered struts themselves, these new atherosclerotic changes further increase the risk for adverse thrombotic events after DES implantation.[@suaa006-B7]

Neoatherosclerosis---definition and clinical perspective
--------------------------------------------------------

The observation of new atherosclerotic change within nascent neointimal tissue after stent implantation coined the term 'neoatherosclerosis'. Histologically, neoatherosclerosis is defined as foamy macrophage infiltration into the peri-strut or neointimal area, with or without calcification, fibroatheroma, thin-cap fibroatheroma (TCFA), and rupture with thrombosis in advanced stages.[@suaa006-B8] Following further advancements in DES technology, target lesion revascularization rates both due to restenosis and stent thrombosis declined.[@suaa006-B9] Nevertheless, autopsy studies continued to show higher rates of neoatherosclerosis in first- and second-generation DES compared to BMS and, more importantly, a continuous increase in cumulative incidence over time. The same studies also indicated that neoatherosclerosis not only increased the risk of late thrombotic events but seemed to contribute to the development of ISR, thus culminating in the pathophysiological continuum of late stent failure.[@suaa006-B10] Large meta-analyses of clinical trials showed an overall risk of stent thrombosis in new-generation DES at 1 year of less than 1% and approximately 1% at 3 years.[@suaa006-B2]^,^[@suaa006-B9] In contrast, more than 90% of the patients presenting with stent thrombosis suffered myocardial infarction, making it a highly relevant clinical concern. In line with autopsy studies, clinical registries assessing the underlying pathology in patients presenting with stent thrombosis through optical coherence tomography (OCT) consistently found neoatherosclerosis causative of approximately 30% of late and very late stent thrombosis (VLST) cases. Interestingly, a high incidence of VLST was reported in BMS with substantially longer time since implantation compared to DES, placing implant duration on the top of the list of risk factors for neoatherosclerosis.[@suaa006-B14]

Objectives
==========

In light of the combined clinical and preclinical data, the higher incidence of neoatherosclerosis in autopsy studies following DES- compared to BMS implantation seems to be driven by a significantly accelerated development due to the combined mechanisms outlined above. Although previous studies provide important groundwork, substantial scientific gaps regarding late stent failure and neoatherosclerosis prevail and continued research is needed to understand its pathophysiology in sufficient detail. For this purpose, our research group aimed to refine established concepts of neoatherosclerosis pathophysiology, to gain further insight by combining preclinical *in vivo* as well as *in vitro* models with histology, immunohistochemistry, and latest intravascular imaging techniques. In a second step, we aimed to translate our findings into better imaging and differential diagnosis of late stent failure, improved device technology and prevention.

Our work
========

Basic principles
----------------

Human autopsy and animal studies shaped the understanding of neoatherosclerosis development as a multifactorial process.[@suaa006-B12] Vascular injury after stent implantation cause endothelial denudation and migration of inflammatory cells. In case of DES, this process seems to be further augmented by chronic inflammation arising from biostable polymer coatings[@suaa006-B17] and delayed arterial healing secondary to antiproliferative drug coatings, enabling increased infiltration of lipoproteins and migration of inflammatory cells through an impaired endothelial monolayer.[@suaa006-B4]^,^[@suaa006-B5] In addition, both BMS- and DES implantation cause blood flow disturbances and changes in sheer stress, possibly contributing to the migration of monocytes into the neointimal tissue as well.[@suaa006-B18]^,^[@suaa006-B19] The potential consequences are accumulation of lipid-laden macrophages within neointimal tissue, formation of fibroatheroma, and increased risk of myocardial infarction due to plaque rupture or erosion (*Figure [1](#suaa006-F1){ref-type="fig"}*).

![Pathophysiological pathway of in-stent neoatherosclerosis. (*A*) Atherosclerotic artery with lumen narrowing. (*B*) Artery directly after successful stent implantation without re-endothelialization and/or neointima. (*C*) Complete arterial healing with a thin layer of mature neointima and sufficient re-endothelialization. (*D*) Less than 3 months after stenting, leaky re-endothelialization, immature, proteoglycan-rich neointima, and fibrin deposition around some stent struts. (*E*) Three to 4 months after stenting, macrophage and LDL cholesterol migration through disrupted endothelium, causing accumulation of lipid-laden 'foamy' macrophages predominantly close to the intraluminal surface and in the peri-strut regions. (*F*) Nine to 12 months after stenting, necrotic core following apoptosis of foamy macrophages, beginning neovascularization, and calcification. (*G*) More than 1 year after stenting, in-stent thin-cap fibroatheroma with calcification, neovascularization, haemorrhage, and ongoing surrounding inflammation.](suaa006f1){#suaa006-F1}

Since observations at autopsy are an important cornerstone of research dedicated to neoatherosclerosis, we evaluated a large autopsy stent registry at CVPath Institute (Gaithersburg, USA), with focus on prevalence and morphological characteristics of in-stent neoatherosclerosis. Separating cases of fibroatheroma, in-stent plaque rupture and TCFA, we observed that the majority of necrotic cores are located superficially inside the neointimal tissue and that neoatherosclerotic plaques are only infrequently in continuation of atherosclerotic plaque within the native coronary artery. This emphasizes the clinical importance of this disease entity and indicates a post-interventional development, following mechanisms at least partly independent from those of the underlying primary atherosclerotic disease.[@suaa006-B12] Comparing the different stent types, we observed no significant differences in neoatherosclerosis prevalence between new- and early generation DES. Regarding the time course of neoatherosclerosis development, previous studies revealed a significantly earlier manifestation following DES- as compared to BMS implantation. First signs of neoatherosclerosis in BMS occurred as late as 900 days after implantation, compared to 70--120 days in early generation DES.[@suaa006-B8] First data from autopsy studies including second-generation DES showed no significant differences in neoatherosclerosis frequency between different DES types.[@suaa006-B10] The analysis of a total of 384 autopsy cases comprised of 614 stented lesions in native coronary arteries confirmed these results. We observed a comparable prevalence of neoatherosclerosis in first and second-generation DES up to 3 years implant duration. Within the indicated time-span, neoatherosclerosis was observed with a significantly lower frequency in BMS than either type of DES. Between 1 and 3 years after implantation, neoatherosclerosis was observed with similar prevalence of 51% in first- and 48% in second-generation DES compared to only 6% in BMS. For duration of implant \>3 years, prevalence of neoatherosclerosis was still lower in BMS than in first-generation DES (65%) but rose as high as 48%, while there was absence of samples of second-generation DES with implant duration \>3 years.[@suaa006-B11]^,^[@suaa006-B12] This is in line with the mitigation of the difference in neoatherosclerosis prevalence between BMS and DES over time, observed in intravascular imaging studies.[@suaa006-B14] The basic pathological mechanisms of neoatherosclerosis development are likely to be similar for different types of metallic DES, explaining the absence of significant differences between first- and second-generation DES in autopsy studies. On the other hand, comparisons of different DES show differing vascular responses to implantation, including various potentially contributing factors to neoatherosclerosis pathogenesis. Autopsy and animal studies show varying rates and patterns of re-endothelialization, inflammation, hypersensitivity reaction, and fibrin deposition.[@suaa006-B5]^,^[@suaa006-B10]^,^[@suaa006-B20]^,^[@suaa006-B21] Further research is warranted to sort the individual impact of different stent components on neoatherosclerosis formation.

The two most prominent causes of late stent failure are ISR and VLST, which both seemed to be associated with neoatherosclerosis in our registry. Overall 10 out of 614 lesions showed VLST (\>1 year) caused by in-stent neoatherosclerosis (1.6%) with similar incidence in BMS (1.8%) and first-generation DES (1.9%), albeit a different mean implant duration of 832 days for BMS and 383 days for first-generation DES. In relation to the total number of VLST, in-stent plaque rupture was identified as the underlying cause in 83% of VLST in BMS and in 15% of VLST in first-generation DES. Beyond 3 years, 100% of VLST in BMS and 33% of VLST in first-generation DES were caused by neoatherosclerotic in-stent plaque rupture. For second-generation DES, we observed no VLST while mean implant duration only reached up to 210 days[@suaa006-B12] (*Figure [2](#suaa006-F2){ref-type="fig"}*).

![(*A*) Prevalence of neoatherosclerosis in bare metal stent, first- and second-generation drug-eluting stents stratified by duration of implant (bar graphs) along with the prevalence of restenosis (green line) and thrombosis (orange line) in the lesions with neoatherosclerosis and late stent failure. (*B*) Prevalence of overall stent thrombosis, in association with neoatherosclerosis (in-stent plaque rupture). (*C*) Prevalence of in-stent restenosis and its association with underlying neoatherosclerosis. LST/VLST, late and very late stent thrombosis; Res, restenosis. Reproduced with permission from Otsuka *et al*.[@suaa006-B12]](suaa006f2){#suaa006-F2}

In-stent restenosis within the first year after implantation was observed with a prevalence of 46.9% in BMS, 16.2% in first-generation DES, and 19.1% in second-generation DES. Simultaneous occurrence of neoatherosclerosis and ISR was more frequent in BMS (6.8%) than in first- and second-generation DES (4.2% and 3.2%) with an overall prevalence of 5.2% and the known significant differences in implant duration among stent types. Restenosis with neoatherosclerosis in BMS was only observed 3 years or beyond, representing 38% of late restenosis cases in BMS. In comparison, restenosis in combination with neoatherosclerosis in first-generation DES was observed already within in the first year, similarly increasing over time and resulting in 78% of first-generation DES restenosis cases simultaneously showing neoatherosclerosis. Due to small overall numbers, no very late restenosis was observed in second-generation DES[@suaa006-B12] (*Figure [2](#suaa006-F2){ref-type="fig"}*).

Both ISR and VLST demonstrate a time-dependent association with neoatherosclerosis in BMS as well as in DES, with an earlier and more frequent simultaneous manifestation in the latter. This strongly indicates a pathophysiological contribution of in-stent neoatherosclerosis to late stent failure.[@suaa006-B11]^,^[@suaa006-B12]

Endothelial integrity
---------------------

In order to understand neoatherosclerosis pathophysiology in greater detail, we continued to separately investigate the different mechanisms postulated on the basis of previous research. In cell culture experiments and specific animal models of neoatherosclerosis, we assessed the impact of endothelial integrity on neoatherosclerosis formation. Previous preclinical studies showed a promising improvement of endothelialization after implantation of cRGD-coated as compared to BSA-coated stents.[@suaa006-B22] RGD is a tripeptide (arginine--glysine--aspartate) known to mediate binding of endothelial integrins to various components of the extracellular matrix. Building on this knowledge, we sought to investigate whether RGD-coated stents could improve endothelial integrity with specific focus on its barrier function against hypercholesterolaemia. Therefore, a novel animal model of neoatherosclerosis was established, in which New Zealand White Rabbits underwent a sequence of hypercholesteraemic diet and arterial denudation to cause formation of neointimal foam cells. In this setting, commercially available everolimus-eluting stents (EES) (Xience Prime, 3.0 × 15 mm, Abbott Vascular, CA, USA) and customized RGD-coated stents were randomly allocated to rabbits iliac arteries.

Histopathological assessment of the different stent types showed a significantly greater expression of CD31 (PECAM-1) after implantation of RGD-coated stents as compared to EES, suggesting a greater overall endothelial coverage. This was confirmed by scanning electron microscopy (SEM) revealing a higher percentage of covered RGD-coated stent struts as opposed to EES. Furthermore, co-registration of confocal microscopy and SEM as well as Z-stack tile imaging revealed a predominance of FITC-dextran, an established marker of membrane permeability, in areas without CD31-positive endothelial cells. More importantly, the majority of FITC-dextran appeared clearly located underneath the endothelial monolayer in EES as opposed to RGD-coated stents, where the FITC-dextran signal was observed almost superimposing the endothelial cells. This indicates improved endothelial integrity after implantation of RGD-coated stents, in contrast to a significant delay in arterial healing, exemplified by incomplete endothelial coverage and increased permeability after implantation of commercially available EES.

To further break down the constituent mechanisms causing this observation, adjunct *in vitro* experiments were conducted. Human umbilical vein endothelial cells (HUVECs) and human coronary artery cells (HCAECs) were cultured onto semipermeable membranes, coated with linear peptide RGD or a non-specific peptide sequence as a negative control and placed in between two medium-filled chambers. The endothelial cells were treated with different concentrations of everolimus to simulate the effect of DES-coating on the endothelial cell monolayer.

Microscopy and immunofluorescence revealed dose-dependent structural modification and impairment of the actin cytoskeleton and adhesive cell-to-cell junctions by everolimus, exemplified by vascular endothelial cadherin expression, with obvious gaps in the endothelial monolayer for highest concentrations. Spectrometric measurement of diffusion of fluorescently labelled low-density lipoprotein (AcLDL) from the upper to the bottom chamber showed an increased LDL permeability through everolimus treatment. Endothelial cells grown on RGD-coated membranes demonstrated a more consistent confluence and a decreased permeability for LDL. Consistent with animal data, the *in vitro* permeability assays thus support the perception of a dose-dependent impairment of endothelial integrity caused by everolimus as well as a mitigation of this effect by RGD-coating.

One step further down the pathway of neoatherosclerosis pathogenesis, we assessed the effect of increasing concentrations of everolimus in combination with a fixed concentration of AcLDL on monocytes placed into the lower of two chambers, separated by HUVECs and HCAECs seeded onto semipermeable membranes. Owing to the increased permeability of the endothelial monolayer for LDL, caused by everolimus, we observed a dose-dependent transformation of monocytes into foam cells. Again, this effect was attenuated through RGD-coating of the semipermeable membranes (manuscript submitted).

From bench to bedside
---------------------

An important link between histopathology and clinical practice, regarding diagnosis of neoatherosclerosis is intravascular imaging. Optical coherence tomography is able to depict macrophage infiltration and lipid-laden tissue within the neointima and is therefore considered the current diagnostic gold standard, even though numerous limitations to *in vivo* assessment of neoatherosclerosis still apply.

An imperative for further understanding of neoatherosclerosis pathophysiology are diagnostic tools for its *in vivo* assessment in humans. In addition, the same tools offer great potential to monitor efficacy control of device as well as other therapeutic innovations. For this reason, another key part of our research effort is focused on intravascular imaging.

The PRESTIGE consortium is a multicentre, interdisciplinary global European effort for the prevention of LST. In order to improve understanding of mechanistic processes leading to stent thrombosis, OCT imaging was performed in patients presenting with ST, following a prospective study protocol. In cases of VLST (ST \> 1 year), neoatherosclerosis was adjudicated the dominant finding in 31.3% of cases, thus being the most common denominator underlying VLST in this particular group of patients.[@suaa006-B14]

To further investigate aetiological factors of neoatherosclerosis and its contribution to (very) late stent failure, our group carried out an analysis of the PRESTIGE data, limited to this prespecified subgroup. Optical coherence tomography findings showed neoatherosclerosis in 43.4% of patients presenting with VLST. In 68% of those patients and 30% of all patients, rupture of neoatherosclerotic plaque was identified as the underlying cause of VLST. Although neoatherosclerosis was observed more frequently in BMS than in DES, most likely due to an almost twice as long duration from index stenting to VSLT (4.52 years vs. 8.24 years; *P* \< 0.0001) in BMS relative to DES, multivariate Cox regression analysis revealed a 2.2-fold increased risk to develop neoatherosclerosis after implantation of DES. Multivariate regression analysis of predictors for plaque rupture revealed a 4.9-fold higher risk for patients combining neoatherosclerosis and previous myocardial infarction. Univariate analysis showed a significant infiltration of macrophages in OCT-frames showing in-stent plaque rupture (*P* \< 0.0001). These findings emphasize the detrimental impact of neoatherosclerosis on future disease progression. Secondly, the increased risk for neoatherosclerosis after DES implantation in our study is in line with autopsy studies and seems to support the established models of neoatherosclerosis pathophysiology outlined above. Macrophage infiltration could serve as an imaging surrogate for plaque instability and intensified secondary prevention after observation of neoatherosclerosis in patients with history of myocardial infarction, e.g. during follow-up angiography could lead to improved outcomes in this group of high-risk patients.[@suaa006-B23]

Establishing intravascular imaging surrogates
---------------------------------------------

The most important limitation to intravascular imaging for the detection of neoatherosclerosis, as well as other histological patterns, is the lack of well-established surrogate parameters. The only valid methods to acquire these parameters start from careful co-registration of histology and intravascular imaging. Thereafter, distinctive histological features have to be identified and correlated with corresponding imaging characteristics. In addition, in order to provide reproducibility and observer independence, any automated approach should be given preference over subjective visual assessment. The current method of choice for the detection of neoatherosclerosis is OCT. Owing to its superior spatial resolution, OCT enables detection of early signs of neoatherosclerosis formation such as macrophage infiltration. In addition, it allows detailed morphological assessment of features related to neoatherosclerosis such as calcification and neovascularization. Furthermore, it permits distinction of vulnerable atherosclerotic plaque types as identified by fibrous cap thickness. Due to its tissue penetration depth up to 5 mm, intravascular ultrasound can be useful to detect late-stage neoatherosclerosis and to quantify neoatherosclerotic plaque but lacks the appropriate resolution to visualize the above-mentioned features.[@suaa006-B24]

To assess the first level of neoatherosclerosis development---arterial healing---a previous study of our group correlated histology and OCT of atherosclerotic rabbit arteries at different timepoints after implantation of DES and BMS as well as autopsy specimen. In case of autopsy specimens, OCT was acquired post-mortem. To distinguish mature from immature neointima, we attempted to characterize smooth muscle cell-rich, mature neointima by grey scale intensity (GSI) measurement of corresponding intravascular OCT images. This proof-of-concept study was the first to show that OCT-derived GSI analysis can distinguish mature from immature neointimal tissue with high sensitivity and specificity.[@suaa006-B25]

An early and established sign of neoatherosclerosis manifestation is infiltration of nascent neointimal tissue with foamy macrophages. While detection of neointimal maturity acts at a very early stage, reliable *in vivo* assessment of neointimal foamy macrophages provides the potential of early identification of patients at risk for late stent failure. Previous research has shown that macrophage infiltration in native coronary arteries can be visualized by automatic quantification of the OCT signal attenuation.[@suaa006-B26]^,^[@suaa006-B27] In a recent human autopsy study, we assessed the question whether OCT signal attenuation can also be used to detect neointimal foamy macrophages. Our analysis revealed that histologically identified regions with and without lipid-laden macrophages had significantly different tissue attenuation indices and could therefore serve to detect early stages of neoatherosclerosis *in vivo*. These findings are so far limited to a selected set of patients, as high sensitivity and specificity could only be achieved in cases of overall homogenous neointima. In case of other OCT patterns, grouped together as non-homogenous, reasonable specificity at least indicates the value of this methodology for the exclusion of neointimal foamy macrophages. Measurement of tissue attenuation index in clinical cases of patients presenting with ISR, using the cut-off values derived from histological co-registration, showed a realistic proportion of neointimal foam cell infiltration in homogenous neointima. These results suggest applicability of this objective and automated approach as a supportive tool to identify neoatherosclerosis formation in selected patients (manuscript submitted).

Systemic vs. site-targeted treatment of neoatherosclerosis
----------------------------------------------------------

Drug-eluting stents have been an important and indispensable improvement compared to its predecessor technology, the BMS, but seem to be a major contributor to the development of neoatherosclerosis. The ideal coronary stent would provide sufficient radial strength to resist vessel recoil and effectively prevent intimal hyperplasia, without causing long-term inflammation, endothelial dysfunction, and vessel caging. Since a large part of these contemporary DES-shortcomings are attributed to its permanent presence in the vascular wall, bioresorbable drug-eluting scaffolds (BRS) appear to be the next logical step and an attractive approach for the prevention of in-stent neoatherosclerosis.

Mainly two different approaches have been followed to develop bioresorbable scaffolds: polymeric vs metallic. The most commonly used materials in currently available bioresorbable coronary stent scaffolds are poly-[l]{.smallcaps}-lactic-acid (PLLA) and magnesium, associated with important differences in radial as well as tensile strength, elasticity and degradation kinetics.[@suaa006-B28] The BRS with the largest available clinical evidence so far is the everolimus-eluting Absorb bioresorbable vascular scaffold (BVS) (Abbott Vascular, Santa Clara, CA, USA), made of a PLLA-polymer. After initial results were highly promising, major randomized trials and meta-analyses revealed significantly increased rates of target lesion failure and scaffold thrombosis (ScT) as compared to metallic biostable EES,[@suaa006-B29] which lead to current guidelines on myocardial revascularization restricting the use of any bioresorbable scaffolds to well-controlled clinical studies.[@suaa006-B32] The underlying mechanisms are multifactorial. An important lesson of the first years of experience with Absorb BVS was, that ScT could be reduced through a BVS-specific implantation technique.[@suaa006-B33] Furthermore, intravascular imaging studies revealed strut discontinuities, malaposition, as well as neoatherosclerosis as the most frequent underlying pathologies of late Absorb BVS thrombosis. While interaction between implantation technique and LSF through malaposition and strut discontinuities seems plausible, it is unlikely for neoatherosclerosis.[@suaa006-B34]

From a mechanical point of view, magnesium and corresponding alloys used for the manufacturing of metallic BRS offer better radial and tensile strength combined with better elongation at break compared to PLLA.[@suaa006-B35] The magnesium scaffold with the most available preclinical and clinical data, and the first to receive CE-mark approval, is the Magmaris BRS (Biotronik, Bülach, Swizerland). The Magmaris BRS is a magnesium-alloy-based scaffold with a six-crown two-link design, square-shaped struts with 150 µm thickness and a degradable PLLA-coating with a sirolimus-concentration of 1.4 μg/mm^2^. Preclinical evaluation of this new-generation magnesium scaffold suggests a reasonable safety profile and improved vascular compatibility owed to advanced healing, mitigated thrombogenicity and inflammatory response as well as favourable degradation kinetics.[@suaa006-B36] In addition to some degree of assumed inherent antithrombogenic and anti-inflammatory properties of the magnesium backbone itself, improved degradation kinetics are considered a key feature. While the Absorb BVS has a degradation time-span of as much as 3 years,[@suaa006-B41] Magmaris showed 95% complete degradation to amorphous calcium phosphate at one year after implantation in healthy porcine coronary arteries.[@suaa006-B39] Whether these preclinical findings translate into improved clinical outcome is currently being assessed in dedicated trials, so far showing promising results as outcomes seem to be at least comparable to those of the current standard-of-care DES.[@suaa006-B42] However, randomized controlled trials with sufficient power to prove these observations are still lacking and in parallel, a new generation of polymer-based bioresorbable scaffolds with thinner struts as well as improved radial strength and degradation kinetics are being developed.[@suaa006-B28]

Nevertheless, the favourable fast resorption of magnesium-based bioresorbable scaffolds and thereby relatively early restoration of physiological vascular function after magnesium-based scaffold implantation, appears to offer significant potential for the prevention of in-stent neoatherosclerosis. To test this hypothesis, we compared the Magmaris fully bioresorbable magnesium scaffold to a custom-designed stainless-steel stent of equivalent geometry, both sirolimus-eluting, in an animal model of neoatherosclerosis. The applied model of neoatherosclerotic rabbits was similar to the one previously established, in which a high cholesterol diet and serial arterial denudation after implantation of the study device, simulate the events that lead to neoatherosclerosis formation after PCI in humans. In order to isolate the impact of the Magmaris bioresorbable magnesium backbone on this process, we chose a comparator stent of equal geometry and design as well as drug-eluting polymer coating. We hypothesized that the improved biocompatibility of Magmaris BRS, suggested by previous preclinical research involving healthy animals, would be transferable to a model of diseased neoatherosclerotic arteries and lead to improved re-endothelialization as well as minimized thrombus formation and inflammation after inevitable arterial injury caused by stent implantation. Both the contribution of LDL cholesterol to the pathogenesis of atherosclerosis and development of coronary heart disease and the beneficial effect of LDL-lowering through statin-therapy are well-established. In order to compare device-based effects of this site-targeted approach with established systemic therapy, animals were sequentially randomized to systemic statin treatment and placebo after completion of serial denudation. In addition, we aimed to investigate synergistic effects of a supplementary statin therapy on neoatherosclerosis progression.

As per histological analysis as well as OCT immediately following euthanasia, bioresorbable magnesium scaffolds indeed showed a significant decrease of neointimal foamy macrophage infiltration compared to DES. Alongside mitigated neoatherosclerosis formation, we also observed greater endothelial integrity in BRS than in equivalent DES, through SEM (*Figure [3](#suaa006-F3){ref-type="fig"}*). In addition, rabbits that received high-dose atorvastatin showed reduced neoatherosclerosis formation in both DES and BRS. Reduction of neointimal foamy macrophage infiltration in BRS compared to DES was greater and independent of reduction through statin-therapy vs. placebo. Significant statistical interaction between stent type and medical treatment allocation suggests a synergistic effect of site-targeted device and systemic statin therapy. However, it is of note that the reduction of neointimal macrophage infiltration and quicker endothelialization observed in our animal model, appeared to be achieved at the collateral cost of a greater neointimal area in BRS relative to DES, resulting in increased percentage stenosis.

![Representative scanning electron microscopy images of after implantation of Magmaris bioresorbable drug-eluting scaffolds (*A*) and custom-design stainless steel drug-eluting stent (*B*).](suaa006f3){#suaa006-F3}

In a similar animal model, we aimed to take a closer look at the differences in re-endothelialization after DES- vs. BRS implantation. Consistent with previous results, electron microscopy showed an overall greater endothelial coverage in BRS. Additional immunofluorescent visualization of CD31 (PECAM-1) revealed numerically greater expression above BRS-struts, suggesting improved maturity and integrity. Furthermore, permeability for FITC-dextran assessed by confocal microscopy seemed to be promoted in CD31-negative areas. This supports the suitability of CD31 as a marker of endothelial integrity as permeability for FITC-dextran is a well-established marker for an impaired barrier function (manuscript submitted).

Outlook
=======

In support of and in addition to animal and human autopsy studies, *in vitro* experiments such as permeability assays help to depict pathological pathways in greater detail. Further detail could be provided by cytokine assays, examining the expression of different pro- and anti-inflammatory proteins by endothelial cells or monocytes, i.e. in correlation to different concentrations of antiproliferative drugs.

Alterations in flow dynamics, causing promoted adhesion of inflammatory cells and delayed re-endothelialization in areas of blood flow disturbances or low flow rates due to stent struts, very likely impact arterial healing and neoatherosclerosis development.[@suaa006-B18]^,^[@suaa006-B19] Focus on this field will lead to further improvement of device biocompatibility. Especially new-generation biodegradable scaffolds, which remain an appealing concept in spite of so far ambiguous clinical outcome, leave considerable room for optimization in this regard.

Furthermore, great focus will lay on continued enhancement of coronary stent device technology. Biostable new-generation DES are constantly being improved with a trend towards ever thinner stent struts and better biocompatibility of polymer coating.[@suaa006-B46] In parallel, solutions for shortcomings of current bioresorbable scaffolds such as the lower limits of strut thickness to achieve sufficient radial support are being developed.[@suaa006-B28] Moreover, recent device innovations followed a 'pro-healing' approach. The first device of that kind to achieve CE-mark approval is the COMBO dual therapy stent (OrbusNeich, Hong Kong, China). This device aims at the suppression of neointimal overgrowth through an abluminal layer of sirolimus eluted from a biodegradable polymer, while a luminal coating with immobilized anti-CD34+ antibodies serves as anchor for circulating endothelial progenitor cells. So far none of those promising innovations have surpassed current gold-standard DES, but results of ongoing dedicated clinical trials are eagerly awaited.[@suaa006-B47]

Before making the effort to assess the effect of improvements in device technology and prevention on clinical outcome, preclinical evaluation on a molecular level without the need for histology would be of great value. A variety of multimodality molecular imaging techniques have found its way into cardiovascular medicine. In most cases, these techniques combine an established light- or ultrasound-based 'optical' imaging modality with a second modality, able to provide information about the molecular tissue composition based on fluorescence or spectroscopy.[@suaa006-B24]^,^[@suaa006-B48]^,^[@suaa006-B49] At the same pace, non-invasive functional imaging techniques are refined, so far limited to native coronary arteries, which add as well to the shaping of our pathophysiological understanding and development of therapeutic approaches.[@suaa006-B50] Last but not least, algorithm-based automated detection of distinct histological patterns in intravascular coronary images using artificial intelligence techniques are yet to mature, but hold tremendous potential as a tool to improve validity of intravascular imaging as well as to identify patients at risk for future coronary events.

Conclusions and clinical implications
=====================================

In summary, neoatherosclerosis can be considered an accelerated form of atherosclerosis due to incomplete endothelialization, disrupted endothelial integrity, as well as stent-induced inflammatory processes after PCI and especially after implantation of DES. In light of a persistently high worldwide incidence and prevalence of coronary heart disease, the role of neoatherosclerosis in late stent failure with potentially serious complications is a matter of significant clinical concern. The dilemma becomes particularly evident, reflecting that treatment of occlusive atherosclerotic coronary lesions itself, seems to induce in-stent neoatherosclerotic changes following similar but accelerated pathophysiological mechanisms. Persistent limitations to modern-generation coronary stents revealed by preclinical as well as clinical research call for continued translational research efforts, aiming at optimization of device-biocompatibility, to achieve the exact balance between suppression of neointimal overgrowth and sufficient re-endothelialization with functional neointima after coronary stent implantation. The reduction of early neoatherosclerotic changes through magnesium-based bioresorbable scaffolds observed in our animal model of neoatherosclerosis, supported by synergistic effects of systemic statin therapy, can be considered a promising step in that direction.
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